This paper studies the electromechanical transient model and the control strategy of line commutated converter (LCC) and modular multilevel converter (MMC) based decentralized hybrid High Voltage Direct Current (HVDC) Transmission systems. The decentralized hybrid HVDC system is a new type of topology, and the related electromechanical transient model and control strategy have not been studied well. In this paper, the electromechanical transient model of a decentralized hybrid HVDC system is devloped through mathematical deduction. This model can be easily implemented in electromechanical transient simulation software and meet the time domain simulation requirements of large-scale systems. Then, in order to ensure the safe absorption of the DC power under various conditions, an optimal power flow model considering the decentralized hybrid HVDC system is proposed. Finally, the electromechanical transient model proposed in this paper is verified by the electromagnetic transient model, and the control strategy is validated in a modified New England 39-bus system.
Introduction
In China, bulk power High Voltage Direct Current (HVDC) transmissions play an important role in the West-to-East Power Transmission Project [1] . In general, a converter station adopts a centralized connection mode, which means that all converters in the station are connected to one AC bus. But with the increasing transmission power of an HVDC system, the centralized connection mode requires a strong AC network to absorb the DC power [2, 3] . Moreover, when some AC faults occur, an HVDC system with the centralized connection mode may lose all power, which endangers the stability of the AC system. Therefore, a decentralized connection mode that different converters in a station are connected to different AC buses is a good way to solve these problems [4, 5] . The commutation failure of a line commutated converter (LCC) inverter will threaten the stability of receiving power grids [6] , whereas a commutation failure will not occur in a modular multilevel converter (MMC). However, an MMC is much more expensive than an LCC. Therefore, the LCC-MMC hybrid HVDC system has received wide attention in recent years [7, 8] . In addition, the LCC and half bridge sub-module MMC hybrid HVDC system is the focus of this paper. Electromechanical transient models and control strategies of the centralized hybrid HVDC system have previously been studied [9, 10] . However, as a new HVDC topology, the decentralized hybrid HVDC system needs further study.
Electromechanical transient models are essential for planning and dynamic analysis of large scale AC/DC systems. In China, a decentralized hybrid HVDC system project is in the planning stages.
Because of the large scale of AC systems at both sending and receiving ends, the calculation of safety and stability can only be carried out in the electromechanical transient simulation software. Therefore, the electromechanical transient model of the decentralized hybrid HVDC system needs to be studied urgently. Most studies about the LCC-MMC hybrid HVDC system focus on the electromagnetic transient field [11] [12] [13] , whereas studies on the electromechanical transient field are relatively deficient. Xiao et al. [9] proposed an electromechanical transient model of the LCC-MMC hybrid HVDC system, but all converters in a station can only be connected to one AC bus. The electromechanical transient model of a multi-terminal HVDC system is established in [14] , but it is not applicable to the LCC-MMC hybrid HVDC system. Chang et al. [15] proposed a novel LCC-MMC hybrid HVDC system model for offshore wind farms. A hybrid HVDC topology with LCC and MMC in a series-connection is proposed in [16] . The models proposed in [15, 16] are only applicable for the electromagnetic transient study. Guo et al. [17] built a small signal model to analyze the small signal stability of the hybrid HVDC system. Although many studies have been done on the hybrid HVDC system model, there is still a lack of electromechanical transient modeling for the decentralized hybrid HVDC system.
Compared with LCCs, MMC control strategies are more flexible and complex, which leads to the operational flexibility of the hybrid HVDC system. Conventional controllers of the LCC-MMC hybrid HVDC system are introduced in [18] . In [19] , the control strategy of the LCC-MMC hybrid HVDC system when running at low DC voltage is studied. Lee et al. [20] proposed a power flow control strategy and a black starting strategy for an LCC-MMC hybrid HVDC system. Xue et al. [21] presented a new low DC voltage ride through the control strategy for the hybrid LCC-MMC HVDC system. Naushath et al. [22] proposed a control mode conversion strategy for the LCC-MMC hybrid HVDC system, which makes the HVDC system operate smoothly after a disturbance occurs. A cooperative start-up control strategy for the LCC-MMC hybrid HVDC system is put forward in [23] , and this strategy aims at reducing the overvoltage and overcurrent during start-up. In terms of an HVDC system consisting of a self-blocking MMC and an LCC, a fault ride through strategy is given in [24] . Many control strategies have been proposed for the centralized hybrid HVDC system, but less research has been done on control strategies for the decentralized hybrid HVDC system.
In this paper, the electromechanical transient modeling of the decentralized hybrid HVDC system is studied and a control strategy is proposed to guarantee the safe flow of DC power. The contributions of this paper are summarized as follows:
(1) An electromechanical transient model for a decentralized hybrid HVDC system is proposed.
This model is necessary for the planning and dynamic analysis of a power grid with a decentralized hybrid HVDC system. (2) A parameter optimization strategy for the decentralized hybrid HVDC system is proposed to avoid DC power transmission obstruction in the receiving power system. This strategy can avoid the occurrence of a cascading failure in the receiving power grid.
This paper is organized as follows: in Section 2, the topology of the decentralized hybrid HVDC system is introduced. The electromechanical transient model of the decentralized hybrid HVDC system is proposed in Section 3. In Section 4, a control strategy is given to avoid the DC power transmission obstruction under N-1/N-2 conditions. In Section 5, simulations are performed on PSS/E (Power System Simulator/Engineering) and PSCAD/EMTDC (Power Systems Computer Aided Design) for validations of the proposed electromechanical transient model and the control strategy. Conclusions are drawn in Section 6.
Topology of Decentralized Hybrid HVDC Systems
In a decentralized hybrid HVDC system, the rectifier station is usually composed of large capacity LCCs, without considering the decentralized connection mode. The topology of the decentralized hybrid HVDC system is shown in Figure 1 . In Figure 1 , the inverter station is composed of an LCC and an MMC bank (MMCB) in series, and the MMCB is composed of several MMCs in parallel.
The receiving end LCC and each MMC can be connected to different AC buses. At present, an MMC's capacity is usually smaller than that of an LCC. Therefore, multiple MMCs are needed to match the capacity of a receiving end LCC, which makes it possible for the inverter station to adopt a decentralized connection mode.
Usually, the inverter stations of LCC-MMC hybrid DC systems are composed of MMCs. When a DC short-circuit fault occurs, the receiving end power grid provides short-circuit current to the DC system through MMCs. In order to eliminate the DC fault, the inverter station needs to adopt full bridge module MMCs with active step-down capabilities. The topology in Figure 1 makes use of an LCC on the receiving end to give the HVDC system a DC fault cleaning ability. Because the current direction of LCCs is fixed, when a DC system short-circuit fault occurs, the receiving power grid will not provide a short-circuit current to the DC system. Therefore, the MMCB can adopt half-bridge sub-modules to reduce the cost. Compared with a traditional LCC-MMC hybrid HVDC system, the cost of the decentralized hybrid HVDC system is much lower. Compared with the traditional LCC HVDC system, the MMC of the decentralized hybrid HVDC system has no commutation failure problem, which is conducive to improving the stability of AC systems. 
Electromechanical Transient Modeling of Decentralized Hybrid HVDC System
The topology of the decentralized hybrid HVDC system was introduced above, and the electromechanical transient modeling will be carried out in the following section. Firstly, the structure of the electromechanical transient model is presented. Then, the electromechanical transient models of the LCC, the MMC, and the converter interface are established. Among them, the LCC model and the MMC model have been proposed before; here, we restate previous research. The inverter interface model is proposed in this paper.
Structure of the Electromechanical Transient Model
The establishment of an electromechanical transient model requires the construction of differential-algebraic equations (DAEs) for this model. Overall, the electromechanical transient model of a decentralized hybrid HVDC system includes four modules:
(1) The rectifier side LCC model, consisting of an AC side model and a DC side model. The whole structure of the decentralized hybrid HVDC system model is shown in Figure 2 . The diagrammatic sketch of the HVDC system is shown in Figure 2a , which mainly illustrates the interaction variables between modules. The detailed structures of the receiving end LCC model. The DC line model, which can be found in [9] , will not be shown in this paper. The detailed structures of the receiving end LCC and the MMC are shown in Figure 2b ,c respectively.
In theory, the number of MMCs contained in the MMCB can be arbitrary. When the number of MMCs is determined, the DAEs of the decentralized hybrid HVDC system can be constructed by putting the DAEs of all modules together. Among all modules in Figure 2a , only the converter interface has not been studied, and there have been mature electromechanical transient models for other modules. Therefore, the following work mainly derives the inverter interface model. The DAEs of the receiving end LCC and MMC are needed to deduce the inverter interface model, which will be first given in the following. 
Electromechanical Transient Modeling of Receiving End LCC
The receiving end LCC model consists of the DC side model and the AC side model. The equivalent circuit diagram of the receiving end LCC is shown in Figure 3 [25] .
In Figure 3 , P Ls and Q Ls are the active and reactive power output of the receiving end LCC, U Ldc is the DC voltage of the receiving end LCC, I Ldc is the direct current of the receiving end LCC, µ L is the commutation angle, β is the trigger forward angle, γ is the extinction angle, X tL is the leakage reactance, U Ls is the AC bus voltage, k is the transformation ratio, N bL is the number of six-pulse bridges, and L dc is the smoothing reactor inductor. The DAEs of the receiving end LCC are summarized as (1)- (5): 
Electromechanical Transient Modeling of the MMC
The electromechanical transient model of the MMC can be divided into two parts, including the AC side model and the DC side model. There have been many related studies before. An MMC model considering the dynamic characteristic of the bridge arm inductance is proposed in [9] , and this model is adopted in this paper.
(1) MMC AC Side Model Generally, the three-phase time variables of the MMC are transformed into the variables in the mutually perpendicular dq coordinate system, and the MMC AC side model in the dq coordinate system is shown as (6) .
Here, i sd and i sq are the current injected into the AC bus in the dq coordinate system, L ac is the AC side equivalent inductance, R ac is the AC side equivalent resistance, u sd and u sq are the AC bus voltage in the dq coordinate system, U vd and U vq are the AC output voltage of the MMC in the dq coordinate system, and ω is the AC bus frequency.
(2) MMC DC Side Model There are two access method for the inverter station of the decentralized hybrid HVDC system. One is the concentrated access and the other is the distributed access. The concentrated access means that the receiving end LCC and the MMCs are placed in one inverter station, and AC lines are used to connect the receiving end converters with different AC buses. The distributed access means that the receiving end LCC and the MMCs are placed in different inverter stations, and the DC lines are used to connect the LCC with the MMCs. The difference between the concentrated access and the distributed access is shown in Figure 4 . The MMC DC side model is usually equivalent to that of a capacitor and a current source in parallel. Here, the MMC DC side model considering the bridge arm inductance is adopted [9] . The corresponding DAEs are given in (7) . In (7), R MMC is the equivalent resistance of the MMC, R l is the resistance of the DC line, R arm is the resistance of the bridge arm, L arm is the inductance of the bridge arm, I Mdc is the direct current of the MMC, U Mdc is the DC voltage of the MMC, C sm is the capacitance of the bridge arm sub-module, C eq is the equivalent lumped capacitance of the MMC, U Ceq is the voltage of the C eq , I dcs is the current of the equivalent current source, and P Ms is the active power output of the MMC:
Interface Model among LCC and MMCs
For different converters in an inverter station, their AC side models are independent, whereas the DC side models are coupled in series and parallel. Therefore, an interface model is essential to decouple the converters.
The target of the interface model is to calculate the DC voltage of each converter and the outlet current of the inverter station. The DC side equivalent circuit of the inverter station is shown in Figure 6 . In Figure 6 , I dci is the direct current at the outlet of the inverter station, U dci is the DC voltage of the inverter station, U Ldc is the DC voltage of the receiving end LCC, and U Mdc is the DC voltage of the receiving end MMC. Next, the interface model in Figure 6 is established. In Figure 6 , the differential equation of the LCC is rewritten as (8) according to (5) . The current differential equation of the kth MMC is (9) :
where L arm-k is the arm inductance of the kth MMC, I dc-k is the DC current of the kth MMC, U ceq-k is the equivalent lumped capacitance voltage of the kth MMC, and R MMC-k is the equivalent resistance of the kth MMC.
Assuming that there are n MMCs in the MMCB, we get (10)- (12):
Because the LCC and the MMCB are in series, their DC voltage should satisfy (13):
By solving (8), (10), (11) , and (13), the DC voltage expression of the receiving end LCC and the MMCB can be obtained as (14) and (15) . Equations (12) , (14) , and (15) form the interface model of the LCC-MMC cascaded inverter station in Figure 6 .
The Control Strategy of a Decentralized Hybrid HVDC System
The advantage of the decentralized hybrid HVDC system is that the receiving power system can absorb large DC power safely. However, under some N-1/N-2 conditions, it is possible for the DC power dissipation to be limited by the appearance of some overloaded components. In this situation, the output power of the MMCs and the receiving end LCC can be redistributed to solve the DC power dissipation problem. In the following, an off-line parameter optimization strategy is proposed for envisaged N-1/N-2 conditions.
In a decentralized hybrid HVDC system, the modifiable variables including the direct current of the sending end LCC, the DC voltage of the receiving end LCC, the DC voltage of the MMC, and the current distribution among MMCs. By optimizing these variables, the active power of the LCCs and MMCs can be adjusted flexibly. Next, we give an optimal power flow (OPF) model, considering the decentralized hybrid HVDC system to optimize the parameters of the HVDC system.
In AC/DC systems, the OPF model can be simplified to a general non-linear optimization model, as shown in (16)- (18) . This model can be solved by the interior point method:
In this paper, the objective of the optimization is to minimize the loss of DC power. Therefore, the objective function of the OPF model can be written as (19) :
where P DC0 is the rated active power of the HVDC system under normal conditions, P Ls is the output power of the receiving end LCC, and P Ms-k is the output power of the kth receiving end MMC, assuming that there are n MMCs in an MMCB. First, the inequality constraints of the decentralized hybrid HVDC system are introduced. The active power provided by the sending end power grid should be limited to a normal range. This constraint is shown in (20) :
where P rs is the active power provided by the sending end power grid and P rs,max is the maximum active power, which can be provided by the sending end power grid. P rs,max is usually set to the rated power under normal conditions. Due to the limitation of the sending end LCC's overcurrent capability, the range of the direct current should be restricted. This constraint is shown in (21):
where I dc is the direct current of the sending end LCC, I dc,min is the minimum direct current limitation, and I dc,max is the maximum direct current limitation. The trigger angle limitation of the sending end LCC is
where α is the trigger angle of the sending end LCC, α min is the minimum trigger angle limitation, and α max is the maximum trigger angle limitation. The DC voltage limitation of the sending end LCC is
where U dcr is the DC voltage of the sending end LCC, U dcr,min is the minimum DC voltage limitation of the sending end LCC, and U dcr,max is the maximum DC voltage limitation of the sending end LCC. The extinction angle limitation of the receiving end LCC is
where γ is the extinction angle of the receiving end LCC, γ min is the minimum extinction angle of the receiving end LCC, and γ max is the maximum extinction angle of the receiving end LCC. The direct current limitation of the MMCs is I dc−k,min < I dc−k < I dc−k,max (k = 1, 2, · · · , n)
where I dc-k is the direct current of the kth MMC, I dc-k,min is the minimum direct current limitation of the kth MMC, and I dc-k,max is the maximum direct current limitation of the kth MMC. The DC voltage limitation of the MMCB is
where U Mdc is the DC voltage of the MMCB, U Mdc,min is the minimum direct current limitation of the MMCB, and U Mdc,max is the maximum direct current limitation of the MMCB. The reactive power limitation of the MMCs is
where Q Ms-k is the reactive power of the kth MMC, Q Ms-k,min is the minimum reactive power limitation of the kth MMC, and Q Ms,max is the maximum reactive power limitation of the kth MMC. Then, the equality constraints of the decentralized hybrid HVDC system are introduced. where U dcr is the DC voltage of the sending end LCC, R br is the DC line resistance, k r is the transformation ratio of the sending end LCC, N br is the six-pulse bridges number of the sending end LCC, U sr is the AC bus voltage of the sending end LCC, X tr is the leakage reactance of the sending end LCC, Q rs is the reactive power of the sending end LCC, and µ r is the commutation angle of the sending end LCC. The steady state equations of the receiving end LCC are
where N bL is the six-pulse bridges number of the receiving end LCC, U Ls is the AC bus voltage of the receiving end LCC, k L is the transformation ratio of the receiving end LCC, X tL is the leakage reactance of the receiving end LCC, I Ldc is the direct current of the receiving end LCC, µ L is the commutation angle of the receiving end LCC, P Ls is the active power of the receiving end LCC, Q Ls is the reactive power of the receiving end LCC. The steady state equations of the MMCs are shown in (35) and (36):
where U Ceq-k is the voltage of the equivalent lumped capacitance, R MMC-k is the equivalent resistance of the MMC, P Ms-k is the active power of the kth MMC. The steady state equations of the interface model are shown in (37) and (38):
Equality constraints and inequality constraints of the AC system are shown in (39)-(42) [25] :
where (39) is the bus power balance equation, (40) is the reactive power output constraint of reactive power source, (41) is the constraint of bus voltage, and (42) is the constraint of the branch power flow.
In addition, if the q-axis of the MMC is controlled in the constant AC bus voltage mode, then the Point of Common Coupling (PCC) of the MMC can be regarded as a PV bus. If the q-axis of the MMC is controlled in the constant reactive power mode, then the PCC of the MMC can be regarded as a PQ bus. The reactive power output limitation of the MMCs is considered in (40). The control variables in the OPF model include the direct current I dc , the DC voltage of the receiving end LCC U Ldc , the DC voltage of the MMCs U Mdc , and the direct current of the MMCs I dc-k (k = 1,2, . . . ,n) . The control variables can be modified by changing the reference values of the controllers. The OPF model proposed above can be solved by the interior point method.
It should be noted that this strategy is to make a response plan in advance for the N-1/N-2 contingencies in question. When an appropriate N-1/N-2 contingency occurs, the control variables of the decentralized hybrid HVDC system are modified according to the pre-calculated results.
Case Study
In this section, the electromechanical transient model and the control strategy proposed above are verified by simulation. We build the decentralized hybrid HVDC system in PSS/E and PSCAD/EMTDC, respectively. Firstly, the electromechanical transient model in PSS/E is verified by the electromagnetic transient model on PSCAD/EMTDC. Then, a modified New England 39-bus system is built in PSS/E and the control strategy is verified by simulation in the modified New England 39-bus system.
Validation of Electromechanical Transient Model of Dencentralzied Hybrid HVDC System
Firstly, the electromechanical transient model of the decentralized hybrid HVDC system is validated. We build a decentralized hybrid HVDC system in PSS/E and PSCAD/EMTDC, respectively. The MMCB is composed of three MMCs in parallel. The sending end LCC and the receiving end LCC. The three MMCs are connected to different aggregated AC systems. The topology and the system parameters are shown in Figure 7 and Table 1 . [26, 27] . In [26] , an index global difference measure (GDM) is proposed, and the GDM is associated with a GRADE-SPREAD pair. By calculating the values of the GRADE and the SPREAD, the degree of similarity between two curves can be quantitatively evaluated. The variation of the GRADE and the SPREAD both range from 1 (best quality) to 6 (worst quality). Taking the MMC DC voltage curves in Figure 8 as an example, the GRADE and the SPREAD values are calculated to be 1 and 2, respectively. For the three variables in Figure 8 , neither the GRADE nor the SPREAD exceed 2. Therefore, the accuracy of the electromechanical transient model is verified. 
Dynamic Analysis of the 39-Bus System with a Decentralized Hybrid HVDC System
A modified New England 39-bus system embedded with the decentralized hybrid HVDC system is built on PSS/E. The topology of the decentralized hybrid HVDC system is the same as the system in Figure 7 . The sending end LCC is connected to an aggregated AC system, and the inverter station is connected to the modified New England 39-bus system. The parameters of the HVDC system are given in Table 2 , and the MMCs share the same parameters. The structure of the receiving AC system is shown in Figure 9 . The receiving end LCC is connected to bus 31, and the three MMCs are connected to buses 32 to 34. In the 39-bus system, the LCC and the MMCs replace the original four generators, and some compensation capacitors are added to keep the bus voltage in a normal range. Next, we will carry out the simulation. Assuming that the branch connecting the bus 20 and the bus 34 has a three-phase short-circuit fault at 1.0 s, and the fault is cleared at 1.1 s. The dynamic response of the HVDC system is shown in Figure 10 .
As can be seen from Figure 10 , due to the large AC bus voltage drop of the bus 33 and bus 34, the output active power of the MMC2 and the MMC3 decreases sharply. The voltage drop of the bus 32 is small, and much active power can still be delivered through the MMC1. As a result, part of the active power is transferred from the MMC2 and the MMC3 to the MMC1. This feature enables the decentralized hybrid HVDC system to transmit more power during the AC bus short circuit fault, which is conducive to reducing the power loss of the receiving power grid.
Although part of the power delivered by the MMC2 and the MMC3 is borne by the MMC1, the total transmission power of the three MMCs decreases, which increases the DC voltage of the MMCB. However, the DC voltage variation of the receiving end LCC is very small, which indicates that the DC voltage coupling degree between the LCC and the MMC is low. This conclusion can also be verified by analyzing the influencing factors of the interface models (14) and (15) .
In addition, the output power of the receiving end LCC decreases considerably, which will further increase the power gap of the receiving power grid. The reason for this phenomenon is that the increase of the inverter station DC voltage leads to a decrease of the direct current. 
Simulation Verification of Control Strategy
The control strategy proposed in Section 4 will be verified in this section. The simulation system has been introduced in Section 5.2. In the following section, the N-1 condition after disconnecting the bus 5-bus 6 branch is selected to verify the control strategy. After disconnecting the bus 5-bus 6 branch, three branches of the 39-bus system face an overload risk. Then, DC power reduction and load shedding can occur without taking measures. The overload situation is shown in Table 3 . In order to eliminate the risk of overload, the branch load rate is usually reduced to less than 90%. Next, the OPF model proposed in Section 4 is used to optimize parameters of the decentralized hybrid HVDC system. Using the interior point method, the optimization results are obtained as shown in Table 4 . After adjusting the parameters of the HVDC system according to Table 4 , the load conditions of the target branches can be obtained, as shown in Table 5 . There are no new overloaded components after adjusting optimization. Comparing the results before and after optimization, it can be seen that the optimization strategy can effectively guarantee the normal absorption of DC power under N-1/N-2 conditions. However, it should be noted that the reactive power absorbed by the LCCs increases due to the change of DC voltage and direct current. In this case, the reactive power absorbed by the sending end LCC and the receiving end LCC increases by 41.2% and 28.7%, respectively. Therefore, the control strategy proposed in this paper requires the converter station to have a certain reactive power compensation reserve capacity. This will increase the corresponding investment. However, the usual way to solve the overload problem is to build more transmission channels. Compared with the transmission channels, the cost of the compensating capacitors is lower. Therefore, the control strategy proposed in this paper has practical value.
Conclusions
In this paper, the electromechanical transient model of the decentralized hybrid HVDC system is proposed. This model simplifies the HVDC system to a certain extent and is a trade-off between computational efficiency and accuracy. By comparing this system with the electromagnetic transient model, it can be concluded that the electromechanical transient model proposed in this paper can meet the accuracy requirements of electromechanical transient simulations. In addition, the interface model proposed in this paper is composed of algebraic equations, which can be easily implemented in electromechanical transient simulation software. Therefore, the model proposed in this paper is suitable for AC/DC large-scale system simulations.
An optimal power flow model considering a decentralized hybrid HVDC system is put forward. The function of this model is to optimize the power allocation among converters under N-1/N-2 conditions, to ensure that the AC system can absorb DC power safely. However, after adjusting the active power of the LCCs, the reactive power absorbed by the LCCs will probably increase. Therefore, this strategy requires LCCs to be equipped with more compensation capacitors. This strategy is a trade-off between investment cost and security. The result obtained in a modified New England 39-bus system shows that this optimization strategy is effective.
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